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CHAPTil^  1 


INTHODUCTION  j 

1 . 1 General 

Man  has  attempted  since  the  beginning  of  hic.tory  to  improve  the 
properties  of  soil.  He  has  used  a variety  of  stabilization  raethcids, 
but  'onerally  speaking  these  methods  can  be  diva  k-d  into  tv/o  maii-r 
types — .mechanical  stabilization  and  chemical  stabilization. 

Mechanical  stabilization  involves  the  reorientation  of  S'  i i ^ 

particle.-,  to  a more  stable  p isition  in  order  tc>  increase  stre.-ig'!., 

J 

decrease  compressibi  1 i t v and  permeability,  and  c.:itrol  volume  chiuiete. 

I 

It  may  aiso  involve  the  aid.ition  or  removal  of  certain  soil  particles  1 

in  order  to  improve  the  graJ.-ition.  I 

i 

Ciiemical  stabilization  involves  the  adding  .f  chemicals  such  as  , 

cement,  lime,  asphalt,  sal*  , polymer,  etc.  Throu,-.h  the  additi'-'ti  of  * 

these  additives  the  propei-ties  are  changed  thro-ugh  physicochemical  | 

reaction,  mechanical  bonding,  plugging  of  soil  voids,  ion  excliange, 
and  absorption. 

In  * he  past,  engineers  h.ave  avoided  marginal  sites  where  the 
soil  was  unfavorable,  but  in  future  work  the  engineer  will  not  be  i 

able  to  do  so.  .He  will  be  confronted  with  the  cliallenge  of  using 
these  areas.  This  challenge  will  be  met  through  ..'hemical  stabiliza- 
tion. Tl.e  difference  in  cost  of  property  alone  will  more  than  offset 
the  added  cost  of  stabilization. 

1.2  Ob.iectives  .and  Fui-pose 

It  was  tlio  objective  ot’  this  research  to  det.ormine  if  the  ^ 


1 


various  parfimeters  of  soil-cement  could  be  significantly  improved  by 
the  addition  of  a relatively  umall  amount  of  polymer.  Cement  is  one 
of  the  most  widely  used  materials  for  improving  the  strength  a/id 
stability  of  soil.  However,  cracking  is  a common  cause  of  strength 
loss  in  soil-cement.  There  are  a number  of  facto>-s  that  contribute 
to  cracking  of  soil-cement , but  the  most  importatit  are  probably  the 
cohesive  or  tensile  characteristics. 

/in  investigation  was  conducted  to  determine  if  the  tensile 
properties  as  well  as  the  ca'inpressive  proi>erties  of  a soil-cemeiit 
mi.xturo  could  be  signif icmitly  improved.  Tlie  ini'  rmation  gained 
in  this  investigation  will  be  beneficial  in  the  design  of  multilayered 
pavement  systems  where  tensile  failure  may  result. 

With  the  development  of  liigh-speed  digital  computers  and  tlie 
finite  element  method,  .means  .have  been  provided  to  iumdle  tiiese 
tensile  properties  in  a realistic  manner. 

In  multilayered  pavement  systems  where  the  deformation  modulus 
differs  in  the  various  layers,  tensile  stresses  develop  under  load. 

The  maximum  tensile  stresses  occur  at  the  bottom  of  the  various 
stabilized  layers.  When  tliis  stress  exceeds  the  strength  of  the 
material,  crack;;  form  and  are  reflected  to  the  surface.  This 
phenomenon  leads  to  the  deterioration  of  the  pavement.  Improved 
tensile  strength  in  stabilized  base  and  subbase  material  would 
reduce  cracking  and  thus  reduce  deterioration  of  the  pavement. 

1 . 3 Soil -Cement 

Soil-cement  is  defined  as  a tightly  compacted  mixture  of  pulver- 
ized soil,  Portland  cement,  and  water  which,  as  Uie  cement  hyairutes. 


The  !<oman  engineers  are 


forms  a hard  durable  structural  material.^ 
credited  with  the  origination  of  cement  by  mixing  lime  putty  and  vol- 
canic ash.  Soil-cement  was  first  used  for  stabilization  of  existing 
subgrades  to  serve  as  a base  course  for  lightly  trafficked  roads. 
About  I9IT,  Dr.  J.  H.  Amies'^  took  out  a patent  o;.  a soil  and  cement 
mixture  that  was  labeled  "Soilamies."  Later,  in  1935,  an  extensive 
research  program  using  soil-cement  was  initiated  by  the  Portland 


Cement  Association  and  the  South  Carolina  State  Highway  Department. 
This  research  encouraged  others  to  investigate  soil-cement.  Since 
then,  use  of  soil-cement  has  risen  to  an  unprecedented  level.  It  has 
been  used  widely  for  over  Lo  years,  m.ainly  as  a base  course  for  roads 
and  airfields  and  as  slope  protection  for  canals  and  embankments. 

2 

The  changes  exhibited  by  cement-treated  soils  are  as  follows: 
a.  Reduced  plasticity  indices. 

Increased  plastic  limits. 

£.  Reduced  liquid  limits  (for  soils  with  liquid  limits  greater 
than  i*0)  or  increased  liquid  limits  (for  soils  with  liquid 
limits  less  tluin  hO). 
d.  Increased  strength. 

£.  Reduced  permeabilities. 

_f.  Reduced  volume  changes. 

These  changes  are  brought  about  by  four  mechanisms  or  reactions: 

(a)  hydration,  (b)  cation  exchange,  (c)  carbonation,  and  (d)  poz- 
zolanic  reaction.  Of  these,  hydration  is  by  far  the  most  important. 

1 . 1*  Basic  Concepts  of  Polymers 

A polymer  is  a large  molecule  built  up  by  the  repetition  of 
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small,  simple  ^-hemical  units.  These  units  of  the  polymer  are  usually 
equivalent  or  nearly  equivalent  to  the  monomer,  or  starting  material 
from  which  the  polymer  is  formed.  The  chemical  process  by  wnich 
monomers  are  converted  to  polymers  is  called  polymerization.  There 
are  two  major  types  of  polymerization  reactions:  addition  polymeriza- 

tion and  condensation  polymerization.  Addition  polymerization  is  the 
reaction  between  molecules  of  similar  stiucture;  these  link  themselv- s 
together  to  form  the  larger  macromolecule  without  change  in  che.mical 
composition.  Polycondensation  is  the  reaction  bt-tween  two  or  more 
dissimilar  compounds  which  react  with  each  other  to  form  the  macro- 
molecule  and  a by-product. 

Polymers  are  generally  held  together  as  macromolecules  by  cova- 
lent bonds,  whereas  the  separate  molecules  or  segme.nts  of  the  same 
molecule  are  attracted  to  each  other  by  "intennu .ecular  forces," 
also  termed  "secondary"  or  "von  der  Waals"  force:'.  In  general,  the 
covalent  bonds  gov'ern  the  thermal  and  photochemi  'al  stability  o:' 
polymers  while  secondary  forces  determine  most  of  tiie  physical 
properties  we  .associate  with  specific  compounds. 

Polymers  vary  from  liquids  and  soft  rubbers  to  very  hard  and 
rigid  solids.  They  occur  both  naturally  and  sy:;’ net i rally . Natural 
polymers  have  been  utilized  throughout  the  ages.  For  example,  asphalt, 
was  used  in  pre-Biblical  times;  amber  was  known  t.  the  ancient  dreeks; 
and  gum  mastic  was  used  by  the  Romans.  About  a century  ago  the  unique 
properties  of  natural  polymers  were  brought  to  Ji.ght. 

These  polymers  were  later  modified  to  maJte  •hem  more  useful. 

Then  the  .synthetic  poly::;er:-  'were  developed.  Polymer  science  has 

It 


increased  drastically  over  the  last  two  decades. 


it  is  estimated  thn'. 


approximately  600  new  poJymer  chemical  materials  are  placed  on  the 
market  each  year. 

1 . ^ Review  of  Literature 

In  recent  years  polymers  have  become  increasingly  useful  due 
largely  to  their  versatile  meclionical  properties.  Composite  materia..s 
using  polymers  have  been  used  in  several  areas  o:’  engineering.  f'ince 
1;?65.  extensive  j'esearch  has  been  done  using  polymers  with  portliind 
cement  concrete,  and  remarkable  improvements  have  been  made  in  struc- 
tural and  durability  proiierties  (References  3-9).  Polymeric  materials 
have  also  been  investigated  as  soil  stabilizers  with  varying  results. 
From  IQ^h  to  I96I,  extensive  research  was  conducted  by  Massachusetts 
Institute  of  Technology  (MIT)  under  contract  to  the  U.  S.  Government 
(References  10  and  11 ).  Feme  of  the  materials  that  were  investigated 
during  this  period  were  mei^uaines,  furfurals,  fortaaldeliydes , ureas, 
silicates,  acrylamides,  vinyls,  styrenes,  epoxies,  find  acrylates. 

Throug.’i  this  research  program  it  was  found  that  polymerization 
can  have  a tremendous  effect  on  ttie  engineering  jroperties  of  soil. 
Some  of  these  effects  are  as  follows: 

&.  Strength.  Polymerization  can  increase  sti'ength.  It  cati  in- 
crease tensile  strength  from  zero  to  verj'  substantial  values. 
Compressive  strength  can  also  be  improved,  although  not  as 
spectacularly  as  tensile  strength. 

Flexibility . A soil  can  be  made  rubbery.  The  amount  of 
flexibility  developed  depends  on  the  soi , , water  content  , and 
.'imount  and  typ'i-  of  treatment. 
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Permeability ■ Permeability  is  decreased  by  the  blockade  of 
the  flow  passat^es  of  water  within  tiie  soil  mass. 


f 


s 


I 
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d.  Compress ibi iity . Compressibility  is  reduced  since  the 
polymer  fills  the  soil  voids. 

e.  D'urabi  lity . The  dui-ability  is  improved. 

In  1970  the  Bure.'ui  of  Reclfimation  conducted  research  protvum 
to  detei'mine  t.he  feasibility  of  improving'  soil-ct-r.ent  propertie.;  ty 
eitiier  incorporating  a monoiriei-  irito  fresh  sc i 1-c- !:u-nt  mix  or  irai  re,-- 
nating  h.'ti'dened  soi  l-ce:i;'>nl  with  a monomt-i-.  Th<.-  ...nomer  used  wt  • 
niethyl  metiiacry  late . Tiie  data  from  this  program  iniicate  that  t 
engineei'i  :ig  properties  of  soii-cement  can  be  imj  i-  ved  by  the  addition 
of  r'oly7n<.;'ic  matei’ial;:.  Compressive  strerigt.hs  w,-j-e  improved  by  im- 
preg:iation  by  a factor  .if  J.4.  1 remix  spe-imens  containing  3 percen* 

methyl  methacrylate  also  showed  an  increase  in  Ccnpressive  strengtli, 
althougli  not  as  great  as  tnat  of  impregnated  spec- ; mens . Both  pr-emixei 
srecimetis  and  impregnated  specimens  showed  a redu  -tiiMi  in  permeabilit.y . 

The  potential  f r in.srcving  the  engineering  nroperties  of  soil- 
cement  is  enormous,  and  it  is  tiie  belief  of  this  author  that  it  is  t.he 
next  logical  step  in  tl;<-  development  of  soi  l-cemiVit  as  well  as  in  the- 
state  of  the  art  of  soil  st.abi  iization. 
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CHAFTEK  2 


DESCHIF'I'ION  OK  M/vTEKIAI^  AND  POLYMEH  ..ELECTION 

TFiree  fine-(.’rHiin*d  and  two  polymeric  m.-it-eriuls  were  uoed 

in  this  investi{.7ition. 

2. 1 Soils 

The  s'ils  consisted  of  two  fine-Krained  clay.-  and  a fine-f.’-aineii 
sand.  Tiie  first  clay,  commonly  referred  to  as  Vicksburg  loess,  is  ri 
lean  clay  classified  as  CL  l>y  the  Unified  Soil  Cfas.sification  System 
(uses).  It  was  obtained  fi’om  the  U.  G.  Army  Engineer  Waterwiiys  Ex- 
periment St.ation,  Vicksbui’gi  Miss.  This  soil  h.ac.  a liquid  limit  of 
33  and  a plasticity  index  of  10.  Approximately  oo, c percent  by  weight 
passed  t!io  No.  200  .iiev".  The  second  clay,  commonly  referred  to  as 
"buckshot,"  is  a fat  clay  classified  as  CH  by  tlu-  UGCS.  It,  was  oli- 
tained  from  the  low- lying  areas  adjacent  to  t.he  M' ;n;issippi  River.  c 
has  .a  liquid  limit  of  b'"’  and  a niasticity  index  of  -tl  . Approximate].. 
o9-9  percent  by  weight  passed  the  No.  200  sieve.  'i'tie  third  soil,  a 
sand,  was  a uniform  grade  and  classified  as  SI’  by  the  USCS.  It  was 
obtained  from  tb.e  fiooiiplain  of  tiie  Big  Black  Rivtr.  Approximately 
j 82.9  percent  by  weight  passed  the  No.  50  sieve  an.i  5L.3  percent  by 

weight  passed  the  No.  70  sieve.  Grain-sir.e  analyses  and  speoifie 
gravities  of  all  three  soils  are  given  in  Figure.-  1-3.  These  soils 
were  selected  since  they  were  readily  available  and  considerablo  in- 
formation was  available  on  their  behavior. 

Sufficient  quantities  ot'  each  soil  were  ob!  a ' ned  to  assure  tiiat 
enough  soil  would  be  available  to  complete  testii.  . All  soils  were 
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air-dried.  Each  clay  was  pulverized,  screened  throu^ih  a No.  ^4  sieve, 
and  mixed  to  uni  I’ormi  ty . The  sand  was  also  screened  through  a No. 


sieve  to  remove  Large  partiv^ies.  The  soils  were  placed  in  airtight 
containers  until  test  specimens  v/ere  prepared. 

2 . 2 Stabi 1 1 zers 

Terient . The  primary  stabilizer  war.  ])ortland  cement  designated 
as  '.ype  I by  A: '.'I'M  Designation  ClbO-T'*  Kefereiice  12). 

FoJ ymers . live  proprit  tary  p.'.'ymeric  m.aterials  were  tested.  The 
first  material  (polyinei-  A)  v»'ts  a comj'ounded  Latex  based  on  natui'al 
rubber,  various  syntlietic  rubbei-r,  and  "K.''Hlac.''  It  is  manufactured 
by  Uiiiroyai,  luc.,  and  is  desigriat.t'd  by  them  as  lotol  LN-7^1^.  The 
second  material  {polyanej-  B)  wr.s  a dej-.' .ymerized  gu.ar  product.  It  is 
man;  fact  ui'ed  by  General  Mills  Chemical,  Inc.,  an  i is  designated  by 
them  as  ilxperlmentai  Polynner  102. 

2 . 3 Polymer  3e  j ect i on 

The  .ielecti"!!  of  the  polymers  to  use  was  extremely  difficult 
in  that  there  were  hun  ire.lr,  of  materials  and  funds  were  limited. 
Various  companies  and  private  laborat.or i e:  were  contacted  for  I'oly- 

raoric  material  which  they  believed  would  be  effective  as  a soil  sta- 
bilizer. The  mateirialr,  I’eceived  were  tested  in  tiie  laboratory  usitig 
an  expedient  and  inexpensive  screetiing  test. 

Gpocimens  of  the’  polymeric  n.aterials  for  these  screening  test.s 
were  molded  using  the  ilai’vard  miniatiu'e  ccmpaction  ap'parat  us  (mold 
size  1.31  in.  in  tii.-uaeter  by  \B2  in.  in  lengtli).  Only  the  lean  clay 
soil  was  used.  i'he  following  characteristics  were  (fvaluated : 


11 


a.  Water  compatibility.  Since  the  material  would  be  in  a moist 
environment,  it  must  be  compatible  with  water.  Ideally,  it  should  be 
a water  dispersimt. 

b.  Workability . The  mixing  process  must  uniformly  distribute 
the  polymeric  material  throughout  the  soil.  Prolonged  mixing  was 
also  undesirable  since  the  polymerization  process  might  be  disrup'ted. 
Compaction  must  be  accomplished. 

£.  Curing.  After  2t  nr  at  100  percent  relative  humidity  and 
lU  deg  F,  the  specimen  should  show  signs  of  curing. 
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CHAPTER  3 


PREPARATION  OF  SPECIMP:NS 


3 . 1 Moiature  Content 

In  order  to  in;;ure  thaL  comparable  apeciiren.'  -would  be  attained 
during  ter.tin^,  moi  ct  ure-deiioity  tests  were  conducted.  Optimum  water 
oon*^-  r:'  ■ '-ere  ie*  ••rmined  for'  all  lin’oe  soils  cont  aininp:  h,  6,  and  8 
nercent  cemc'nt  (Table  l).  The  l!a>'vard  miniature  compaction  apparatus 

Table  1 

?loisture-Deiu:  ity  Kel  at  ions  for  Test  Soils 


i.ean 

Clay 

Pat, 

Clay 

5 

and 

Portland 

Cement 

■pt  imum 
‘■'.oi  sture 
Content 

rf 

Max  imuin 
Dry 

Density 
no  f 

Cpt  imtcii 
Mui nture 
Content 
/•? 

Maximuii; 

Dry 

Density 
! iC  f 

Optimum 

Moisture 

Content 

Maximum 

Dry 

Density 

tiCf 

•i 

18.8 

10  (■ . u 

PC.  8 

102.2 

ll.2 

102.1 

6 

18.5 

107.3 

P2.0 

102.  T 

12.2 

103.^ 

8 

iS.g 

107.  g 

21.5 

102.6 

12.9 

lOl.l/ 

war  utilised  in  determiniii;',  t.besi.:  water  contents.  Compaction  was  ai  — 
plied  on  end.  of  five  layers  unin/'  an  effort  of  10  tamps  per  layer  with 
a UO-lb  ru’-inp.  TViis  effort  is  comparable  to  the  Standard  Proctor 
test.  (a  more  detailed  explanation  of  sample  preparation  is  discusred 
in  Section  3.2.) 

The  amount  of  additional  water  required  to  obtain  optimum  water 
content  was  calculated  as  follows; 

(C  + C + P)(W  + O.Ol)  - (S  X W.)  = ra.1  ol'  H..,0  required 
o I p 

where 

S = wcipht  of  air-dried  soil,  /-rams 
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C = weight  of  Portland  cement  , grains 
r = weight  of  polymeric  material,  grajns 

= optimum  water  content  or  desired  molding  water  content,  % 

W.  = initial  water  content  of  soil,  % 

1 

0.01  = an  evapiiration  I’actor  derived  from  prior  experience  in  tlie 
VTKl  Lahoratory . Tiiis  factor  lias  proven  to  be  effective 
wtien  mixing  these  soil;-  under  the  conditions  outlineil 

Tiie  amount  of  water  calculated  was  then  mixed  with  S grains  of  air- 
dried  soil.  Mixing  was  acaa'inpl  i shed  witii  a Hledsoe  mixer.  The  soil 
was  then  screened  thiaiugh  a No.  >4  s.ievt>,  placed  in  airtiglit  containers, 
and  allowed  to  eouiiibrate  for  2lt  hr  I’efore  molding  of  specimens. 
.Quantities  of  .’’000  grans  of  soil  were  prepared  in  this  manner.  This 
small  quantity  was  selected  in  order  to  insure  accuracy  and  uniformity. 
The  amount  w.as  .adequate  to  prepare  one  tensile  speeimen  .and  one  com- 
pressive .m'ecimen. 

3 . 2 ttoil  i^reparat  ion 

ftix  2vl00-gr;un  qu.antities  of  each  soil  were  tu’epared  at  a time. 

This  was  enough  .soil  to  complete  an  entire  test  series.  Six  tensile 

and  six  compressive  specimens  were  molded.  This  number  of  specimens 
could  be  molded  in  one  day,  and  this  was  desirable  in  order  to  main- 
tain uniformity  in  specimen  preparation  as  well  as  curing. 

Mixing  of  stabilizer.^.  The  process  of  mixing  two  or  more  stabi- 
lizers in  a soil  is  important  in  attaining  homogeneity.  It  is  often 

difficult  since  the  additives  involved  are  only  4i  small  portion  of 

the  total  mass.  Because  of  this,  it  va;;  ncci-ssarv  t.'iat  mixing  pro- 
cedure.s  for  each  polymeric  m.at.ei'inl  be  considere.i  in  order  to  attain 

l4 


the  tiigiies.t  degroe  of  liomogene  i t y . 


The  first  step  in  mixing  wus  to  add  the  correct  percentatbC  of 
Portland  cemeir  uui  t lici-oc./'lily  hand  mix  for  1’  min.  If  the  specimen 
was  a control  specimen  (no  polymeric  additive),  hand  mixing  was  con- 
tinued for  :\n  H.iditional  min,  and  then  the  specimen  was  molded.  If 
the  specimmi  w-..  a te.-.t  .•.ieciin<n  (with  polymeric  additive),  tlie  poly- 
mer wa  a.-ided  .11;  ntxiti/:  we.-,  cont  ^nUf-.l  for  an  ad.  iitional  f min  befoj-e 
ttx>  1 vi  i tig, . 

'I'he  d. i ;'f  ■ronce  in  t hi  proeednres  was  the  met. hod  used  to  add  t he 
polyiieric  add;'  ve . i'olyiiitr  A,  a latex,  war  added  by  diluting  tlie 
latex  wi'h  p.n:-'  >!'  the  witor  calv-ulated  to  obtain  optimum  water  con- 

tent. T.hi;;  ti,'\’eodnro  o!'  i ‘ rodijc  i ng  the'  latex  was  necessary  since 
the  concentrat  f.i  latex  c.nild  not  be  distributed  uniformly  over  the 
mass.  Tile  eotu'entrat  ed  latex  would  a-yglomerat  e during  mixing  with 
■jnly  a sina'.i  luuo-ant  of  the  ,;oi  !-cement.  mixture. 

Folyme'r  R was  in  pov.b  revi  form  and  Uiiis  could  be  added  directly 
to  the  .;o  i ' -caanent  mixture. 

Mol. ling  of  specimens.  Tensile  and  compress i ve  specimens  were 
nioided  usi.ng  h,  o , and  b pei’cent  Portland  cement  plus  0 ;md  peroen* 
polymer . 

Tensile  s.pocimens  for  1 he  clay  soils  were  molded  in  a stsuidai'd 
i(-  by  stainless  steel  mold  using  a .steel  filler.  Tiii 

apparatus  Is  sliown  in  Figure  h . 'I'hese  clay  specimens  were  extrud^'d 
immediately  after  molding.  band  specimens  could  not  be  molded  ut i 1 i c 
ing  the  standard  mold  because  tiu-y  could  not  be  extruded  without  dicn- 
aging,  the  specimen.  These  .‘  i-pc  imi.-ns  were  molded  using  the  apparatus 
shown  in  Figure  S.  It  con.iists  of  (a)  a paper  cylinder  mold  having. 


pec i mens 


F i ^*urc  ^ . 


Ai  ; 'H"it  ii;' 


1 1 Ilf 


•nihi  t.'iis  ile  npocimen; 


walls  approximately  0.11  in.  thick,  an  inside  diameter  of  U in.,  and 
a height  of  2.5  in.,  and  (l)  a metal  Jacket  and  iwo  metal  bands  to 
provide  reinforcing  during  molding.  After  molding,  the  reinforcing 
was  removed  but  the  specim.en  was  allowed  to  remain  in  the  paper 
cylinder  during  curing.  Imi:iediately  before  testing,  these  cyJinders 
were  torn  off. 

'■■ompacmion  of  all  tensile  specimens  was  attained  in  three  layein' 
using  a 5.5-lb  hammer  falling  12  in.  witii  13  blows  per  layer.  Den- 
sities attained  were  comparable  to  those  attaine  : using  the  Standard 
Proctor  test . 

The  tlarvai'd  compaction  apparatus  (2.82  in.  lon.g  and  1.31  in.  in 
diameter'  was  used  to  prepaie  tiie  compressive  specimens.  This  device 
applies  kneading  compaction  and  by  using  a 40-lb  compaction  spring, 

5 layers,  and  10  tamps  per  layer,  it  was  possible  to  closely  approxi- 
mate the  densities  obtained  from  tb.e  Standard  Proctor  test.  This 

1 3 

effort  was  used  by  Freitag,  ’ whicii  was  a r.iodi  fication  of  work  done 
14 

by  Wilson.  Further  study  at  Oklahoma  State  University  by 
Nagih  M.  El-Ha-wi  and  others^^  indicated  that  comparable  densities 
can  be  obtained. 

Curing.  All  specimens  were  cured  for  T days  in  a room  maintained 
at  68  to  72  deg  P and  95  to  100  percent  relai.  ive  humidify.  A T-day 
cure  period  was  chosen  because  it  seemed  to  be  a reasonable  lengtti  of 
time  to  insure  sufficient  strength  gains  so  as  to  make  possible  com- 
parable results. 
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CHAPl’ER  l4 
TESTING 

Testing  was  divided  into  two  series,  series  A find  series  B, 
which  included  both  tensile  and  cc^mpressive  testing  of  specimens  in- 
volving polymers  A and  B,  respectively.  The  indirect  tensile  (IDT) 
test  War.  utilized  for  determinitig  ‘ensile  properties  and  t!ie  uncon- 
fined compression  (UC)  test,  was  ui.ed  t.j  determine  compressive  prop- 
erties. 'The  indii'ect  tensile  test  was  chosen  over  other  tensile  tests 
because  of  its  wei  1-def ine.j  tiieory,  e;;se  of  moloing,  and  ease  of  test- 
ing. Tills  test,  wliich  v is  develo[ed  independent  ' y by  Carneiro  and 
l6  lY 

Barcellos*  in  Brazil  and  itkazawa  ii.  Japan  in  L953,  is  a simple 
application  of  diametral  compresrive  loads  along  two  opposite  gener- 
atrices (Figure  7).  Tins  condition  results  in  failure  in  tension 
along  the  dimetrai  plane  for.med  by  tlie  two  generatrices. 

If  the  specimen  is  considered  to  be  homogeneous  and  isotropic 
and  to  obey  Hooke's  lav,  the  tensile  strengtli,  Poisson's  ratio,  and 
the  modulus  of  elasticity  can  be  evaluated. 

The  tensile  strengtli  .at,  failure  can  be  expi'cssed  as 

2P 

o = Hiax 

‘‘t  ntd 

where 

= maximum  tensile  strengt.h,  psi 

P = maximum  lu.ad  ai'piied  to  the  specimen,  lb 
max 

t = average  height  of  specimen,  in. 
d = average  dicuneter  ol'  specimen,  in. 
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Figure  7-  SoliemaLic  of  tensile  test 


Poisson's  ratio  (v)  and  the  modulus  ot'  elasticity  (E)  can  be  eval- 

l8 

uated  using  an  approach  of  fiadley  et  al.  based  upon  an  analysis  by 
19 

iiondroG  in  v'hich  v , calculated  from  the  ver- 

tical and  horizontal  deformation,  respectively  (see  Appendix  A). 

The  equipment  used  to  test  the  specimens  in  tension  is  shown  in 
Figure  8.  It  consists  of  an  Insl ron  Model  lll6,  SO, 000- lb  universal 
tester  and  an  indirect  tensile  device.  Ilie  Instron  provided  loading 
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and  bushings  are  provided  in  the  upper  platen  to  reduce  friction 


during  loading. 

An  adjustable  cantilever  arm  system  is  connected  to  the  lower 
platen  to  measure  changes  in  the  transverse  direction.  These  canti- 
lever arms  are  instrumented  with  strain  gages  that  read  to  the  nearest 
0.001  in.  Tlie  load  versus  transverse  deflection  is  plotted  using  an 
x-y  plotter. 

I'lK’on fined  .'onipression  specimens  were  loaded  at  the  rate  of 
O.OT  in. /min  until  failure.  From  these  data,  tla-  compressive  strength 
at  failure  and  the  initial  tangent  modulus  ( ) were  determined. 
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CHMTEK  5 


ke;’ui,t:i,  conclusion?,  and  recommendations 

5 . 1 General 

Results  of  this;  invest  i,'. at  ion  are  summarized  in  Tables  2-7. 

These  data  reveal  tiiat  I'olyviers  ean  linve  both  a [m.; itive  and  a negative 
effeot  on  tiie  soils  t.es.ted.  With  t iie  exception  ..u'  tdie  unrealistic 
values  obtained  foi-  I'oic.son'i  ratio,  tiiese  data  appear  accurate.  It  is 
believed  tnat  these  unrealistic  values  obtained  for  Foisson's  rat.io 
were  due  to  tile  inability  to  accurately  measure  deformation.  The  de- 
formation in  tile  transverse  direction  was.  extremely  small  and  difficult 
to  measure,  and  tiio  vertictil  deformation  recorded  is  believed  to  be 
larger  tiian  actual  deform.at  ion  due  to  t lie  penetrat.ien  of  the  loading 
s t r i PS , 

Oince  Poisson's  rat  ios,  for  cement -treated  f i:.e-grained  soils,  have 
generally  exhibited  values,  ranging  I'rom  S'.l't  to  O.b  , a v.alue  of  0. 
was  assumed,  and  tension  modulus  values  were  recal  .'ul  ated . Tlieso  mod- 
ulus values  are  desigaiated  as.  mL'dified  F and  modifit>d  E,  in 

V it 

Tables  2-7.  A selection  of  0.15  c.an  be  further  .ius.tified  by  pointing 

out.  tliat  tlio  tens.ile  stia's.s.  and  tensile  strain  ar<_-  relatively  inson- 

20 

sitive  to  Poisson's  riitio.  Hadley  et  al  . repcu'ted  in  l'-*72  that  a 
vari.ation  in  Pois,son's  rtit  io  from  0.121)  to  0.375  resulted  in  a maxi- 
mum difference  in  tensile  stresses  and  tensile  sl.rains  of  15  percent 
and  8 percent,  respectively.  Altdiougii  this  investigation  was  limited 
and  further  study  is  ind  i cat.eii , it  is  believed  t.liat,  ttie  results 
presented  do  show  the  tremendous  effects,  liot  it  negtit  Lvo  and  positive. 


Modulus  of  Elasticity  Values  for  Lean  Clay  Using  Portland 
Cement  and  Polymers  A and  B 
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Portland  cement;  PA  = polymer  A;  PB  = polymer 


Portland  Cement 


Modi.~  is  of  Elasticity  Values  for  Fat  Clay  Using  Portland 
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Portland  cement;  PA  = polymer  A;  PB  = polymer 


Portland  Cement  a.nd  Polviiiers  A and  B 
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Table  6 

Modulus  of  Elasticity  Values  for  Sand  Portland 

Cement  and  Polymers  A and  B 
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The  series  using  polymer  B was  c-ored  Ih  days  rather  than  T days. 
PC  = Portland  cement;  ?A  = polymer  A;  ?B  = polymer  B. 
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that  polymeric  materials;  can  have  on  the  er.gitieer  ing  properties  of 
soils. 

5.2  Modulus  of  Elasticity 

Three  moduli  value.s  were  examined  in  this  inve.'tigation ; , 

the  tensile  modulus;  based  on  the  horizontal  deformation;  E , the 

V 

tensile  modulus  based  on  Uie  vertical  deformation;  and  E , the  com- 

c 

pressive  moaulsss,  taken  as  t.he  initial  tajigent  modulus. 

In  tiie  lean  clay  mixture,  the  addition  of  pol>Tner  B in  conjunc- 
tion witri  the  Portland  cement  ri'L:ulted  in  a reduction  of  all  three 
moduli;  addition  of  polymer  A resulted  in  a reduction  of  the  moduli  in 
six  of  tiie  nine  instances.  For  fat  clay  mixture,  polymer  B resulted 
in  a decrease  in  the  moduli  in  eight  of  the  nine  instances;  however, 
polymer  A produced  a significant  increase  in  all  three  moduli.  For 
sand  mixture,  both  polymers  produced  a general  decrease  in  the  tensile 
moduli  but  an  increase  in  the  compressive  modulus. 

5.3  Density 

In  general,  it  is  considered  in  cement  stabilization  that  a de- 
crease in  density  is  related  to  the  material  properties,  and  that 
higher  densities  result  in  corresponding  higher  strengths.  This  was 
not  the  case  in  10  out  of  36  instances  in  which  a polymer  was  added  to 
the  cement  mixtures.  Tlie  u;'-e  of  polymer  B resulted  in  a decrease  in 
density  in  all  tlireo  soil-cement  mixttires.  Polymer  A produced  no  ef- 
fect in  fat  clay  mixtures  and  little  effect  in  sand  mixtures,  but 
caused  an  average  decrease  of  h.9  percent  in  density  in  the  lean  clay 
mixtures.  The  rea.son  for  tiiis  is  not  known.  Tt  could  be  due  to  a 
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oaming  action  which  is  a common  occui'rence  with  poJymers,  or  it  could 


e an  et’i'ect  cimilai-  to  that  which  is  customary  when  lime  is  added  to 
. iime-reucti VO  soil,  this  behavior  being  attributed  to  the  agglomer- 
ting  ot'  the  fine  grains  cia'ating  a more  granular  soil  and  hence  a 
igher  void  ratio  for  the  s;une  comv'action  ei'fort.  However,  any  theory 
,t  this  time  would  be  strictly  ;;poculntion  without  further  testing. 

. Ij  St  rongth 

Tensile  st  i-ength  and  compressive  strength  were  improved  by  the 
,ddii,ion  of  polymer  A to  the  fat  clay  and  sand  mixtures,  but  no 
ignificant  strength  gain  was  recorded  when  polymer  A was  added  to 
he  lean  clay  mixtures.  Tensile  strength  gains  averaged  l62  percent 
n the  fat  clay  mixtures  and  28  percent  in  the  sand  mixtures.  Com- 
■ressive  strength  was  increased  an  average  of  21  })ercent  in  the  fat 
lay  mix!  *res  and  92  pei-cent  in  sand  mixtures. 

Polymer  B increased  the  tensile  and  compressive  strengths  of 
he  sand  mixtures,  and  the  ec.mprer.si ve  strength  of  the  fat  clay  mix- 
ures.  The  compressive  streng.th  of  the  sand  mixtures  was  increased 
in  average  of  391  percent  and  tlie  tensile  strengtli  was  increased  an 
iverage  of  135  percent.  The  fat  clay  mixtures  containing  polymer  B 
ndicated  an  increase  of  133  percent  and  3**  percent  in  compressive 
itrength  for  It  and  6 percent  cement,  lesitectively . A reduction  in 
ompressivo  strength  was.  recorded  for  the  specimeti  containing  8 per- 
ent  cement.  The  tensile  strength  of  the  fat  clay  mixtures  showed  a 
ecrease  as  did  the  tensile  and  canipress i ve  strengths  of  the  lean 
lay  mixtures. 
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5 . 5 Tensile-Compressive  Correlations 


These  data  were  examined  for  correlations  between  tensile  and 
compressive  parameters  and  compared  with  results  of  other  investiga- 
tions to  indicate  that  interactions  between  parameters  do  exist.  How- 
ever, it  is  pointed  out  that  these  correlations  will  vary  due  to  soil 
type,  specimen  preparation,  and  strain  rate. 

The  average  values  obtaiiied  for  cement-treated  soils  were 

0.13  for  the  lean  clay,  0.11  for  the  fat  clay,  and  0.08  for  the  sand. 
21 

Thompson*^  reported  values  of  0.10  to  0.15  for  lirae-treate(i 

Op 

soils.  Malhotra'  recorded  values  of  0.09  to  0.l6  for  var- 
ious concrete  mixtures.  Average  values  of  0.17  were  reported 

23 

for  cement-stabilized  silty  clay  by  Townsend.  Based  on  the  values 

obtained  by  these  investigators,  it  appears  that  the  values 

obtained  in  this  investigation  ar<  in  line  with  other  investigations. 

The  E. /E  ratios  for  cement-treated  clays  in  series  A ranged 
1 c 

2U 

from  0.73  to  1.01.  However,  Bofinger  reported  E^/E^  values  rang- 
ing from  0.09  to  0.13  for  cement  brick  earth.  The  values  ob- 

tained for  cement-treated  clays  in  series  B are  more  in  line  with 
Bofinger's  findings.  These  ratios  varied  from  0.05  to  0.11.  This 
variance  in  series  A and  B was  attributed  to  a 3 to  it  percent  vari- 
ance in  as-treated  moisture  content.  Yet,  this  conclusion  is  not 
valid  when  moisture  contents  obtained  by  Bofinger  are  considered, 
since  he  also  had  a 2 percent  variance  in  moisture  content.  The 
E^/E^  ratios  for  cement-treated  sand  ranged  from  0.01  to  0.25.  In 
order  to  determine  if  exact  correlations  do  exist  for  these  param- 
eters, a more  detailed  I’csearch  progrijim  will  be  necessary. 
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5.6  Conclusions 

Although  conclusive  results  cannot  be  doterniined  without  exten- 
sive research  using  other  pulyiners  and  other  soils,  the  following  con- 
clusions are  drawn  bast'd  on  the  results  of  this  investigation; 

a.  The  addition  of  poJ;/Tner  A caused  both  tensile  and  compressive 
strerif’.th  gains  ii-  i.lie  fat  clay  (CH)  and  the  sand  (SP). 

b.  Botii  poljTiier  A and  polymer  B caused  negative  results  in  the 
loan  clay  (CL). 

c.  Tile  audition  of  polymer  B caused  tensile  and  compressive 
strength  gams  in  sand  (tiP) . Compressive  strength  was  also 
improved  using  polymer  B in  the  fat  clay  (CH),  but  tensile 
strength  sliowed  a reduction. 

d.  Specimens  containing:  polymers  tend  to  form  a film  on  the 
outer  surface  wiiich  decreases  the  amount  of  moisture  lost  to 
evaporation,  I'esultiag  in  slow  cure.  This  plienoinenon  is  be- 
lieved to  aid  hydration. 

£.  Tile  indirect  tensile  test  is  very  simple  and  easy  to  use; 
however,  it  does  iiavt  shortcomings  in  determining  Poisson's 
ratio  and  Young's  modulus.  It  is  considered  to  be  an  ade- 
quate moans  of  determiMing  '.he  tensile  strength  of  the  soil. 

5.7  Bocommendations 

Based  on  tlie  results  of  tnis  investigation,  it  is  recommended 
that  furtlier  work  be  initiated  in  ordt r to  more  completely  define  the 
effects  of  various  polymers  on  ilifferent  soil  types  with  particular 


3>» 


f 


emphasis  on  sajids.  The  possibilities  have  hardly  been  explored,  and 
the  few  results  to  date  already  show  the  tremendous  effect  polymers 
have  on  soils. 
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APPENDIX  A:  THECIHY  OP  CIKCULAP  DISK 


A . 1 Introduction 

The  mathematical  analysis  for  a circular  dink  of  radius  H sub- 
jected to  a concentrated  hiad  acting  along  the  diameter  'was  first 

developed  by  He;'L/,  in  1881  and  was  later  refined  by  Frocht,*' 

'h 

Timoshenke  ait.i  doudier,  and  others.  A inettiod  !'or  calculating  the 
st:'es.:es  and  deforriiut i ons  in  a circula!'  disk  actt.d  u}on  by  a uniform 
radial  load  eu  :i  small  secticn  of  tht  disk  as  sliown  in  Figure  A1  was 

n-r  I . ) 

fi'-st  reported  by  Peltier'  ' mi  108^*  and  Hond.ros  in  1959-  Using 
Hondros'  notation  (see  Kig.uro  A1 ) , the  stresses  .along  the  x and  y 
axes  may  be  expressed  ns  follows.  For  stresses  .aiong  the  vertical 


diameter  (y  axis), 


oy 


( L - s'~/K  I sin  1 


0-1  1,4 
1 - 2r‘‘/R'  cos  Pm  + r / il 


-1  (!  + r"/R")  . 

- tan  ^ tan  u 

(i  - r'  /H") 


(a:  ) 


2t.  ("U.  - Jllil 

L(  I ' - ' 


H^)  sill  ^ 

) ei.  .:  2a 


-1  r"/K'  I 

.■m  — ^ — tan 

(1  - r‘-/H'  ' 


a 


(A2) 


1 ■-  0 
1 1) 


lA-) 


and  fur  stresses  a.u.)tig  tlie  uori/amtaJ  di;une'.er  ( .x  axis), 


fix  II 


U.  - r^.'ir  ) sin  Pg ^ -1  0, 


L-i-  t 2r' /R‘"  cos  2a  + ••  /R 


. ) ’ n p 

(1  + v‘-/ir) 


1 


tan  iTt  ( AI4 ) 


2j^i  (1  - r‘^/H^)  sin  2a 

" Ll  + :.'r‘’/R‘  cos  ,'u  + r 


tan-' 


(1 


- r /R")  . 

bail 

t rVR")  -1 


(Ah) 
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PRESSURE 


^rx 

TANGENTIAL. 

AND 

RADIAL 

TANGENTIAL. 

AND 

RADI  al 

^.x- 

^r. 

TANGENTIAL 

AN  D 

F?AD!  AL 

TANGENT!  Al. 

AND 

RADIAL 

TANGEN  TIAL 

AND 

RADIAL. 

STRESSES  along  THE  O*  AXIS 
STRESSES  ALONG  THE  Oy  AXIS 
STRAINS  along  the  OX  AXIS 
STRAINS  along  the  Oy  AXIS 
STRAINS  along  the  Or  DIRECTION 


Figure  A1 . Notation  I'or  a disk  subjected  to  two  concentrically 
opposite  unirorm  radial  loads 


At  the  center,  r/R  is  equal  to  zero;  thus 


’ °ey  ’ ‘^ry  ’ ’ 


and  0 may  be  reduced  to 
rx 


do  1 Sin  du  TT  1 

o , = a = ~ — T - T tan  a 

by  rx  11  L?(l  - cos  2a,  b J 

?!'  r im  2a 

n L ' ( ■ ■*  ’-’tilt  d 


'1  , = 

I'x  ry 


+ — tan  a 


] 


(a6) 


(AT) 


ir 


ry  ..-Util  (i.e.,  t --  i'  dtq),  then 


0 


0 

rx 


(a8) 


6l>a 


(A9) 


Equ.ntit'r.  A8  i r-  usetl  to  del '.'rmltv  ' ne  ti;n.'-iK-  strength  of  the 
mat  eri a . . 

A,  ' Ehisti-'  Pa'~'tniete!"s  Ar.  i ly s 1 r in  I'ir-cular  DirA 

T.'ie  Moduiu.;  of  elar.t  i .•  i ty  K and  '.■oisson's  ratio  v at  any 
nyint  in  an  eiartic  medium  can  he  ielermined  readily  as  long  as  the 
principal  strenses  am:  tin.  rorrrr.;  .jnd  i ng  strains  are  known  for  that 
poiiit . Ror  an  elastic  aisK,  tlu  prin.'itvil  stresses  can  be  calcu- 
lated from  prevhius  formu  i ,-i , and  the  principal  strain  may  be  mea- 
sured at  leist  at  the  renter.  ilcwevrr,  for  soft  materials  such 
as  soils,  the  rarasuremi  nt  ■ f s'.r.sin  ) .;  very  difficult  if  not  im- 
possible; cnrise  tuent  ly , ! h-  ela.dic  p.arajiieters  cannot  bo  accurately 

determined.  An  alternativa  rnethc,.!  for  measuring  the  elastic  param- 

, 1 8 

etors  was  devolepcd  by  nau'iy  e'.  a.L.  i;,  which  K and  v were 
calcu!a*.ed  I'roin  th*'  measu’ • men*"  n!'  deformations  rather  than  strains. 
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Their  mathematical  derivation  is  based  on  the  assumption  that  the 
material  is  homogeneous  and  isotropic  and  obeys  Hooke's  Law.  Thus, 
for  the  plane  stress  case,  the  total  deformations  along  the  vertical 
and  horizontal  diameters  of  the  disk  are 


V = 


r r 


- vo_  ) dr  = — / o dr 
ry  0y  hi  ry 


r r 

= ^/o  dr-v/o. 

/ ry  J By 

-r  -r 


dr  (AlO) 


and 


r r 


r r 

= i f "rx'^^  - ^ f 

-r  ^r 


E dr  = — / (o  - vu  ) dr  = — / 0 dr  - v / o.  dr  (All) 
X h I rx  0x  L / rx  / 0x 


where 


V,  = total  deformation  and  strain,  respectively,  along  the 
y axis 

u,  = total  deformation  and  strain,  respectively,  along  the 


Solving  Equations  AlO  and  All  simultaneously,  the  value  of 
Poisson's  ratio  can  be  expressed  as 


r r 

u/o  dr  - V I a dr 
I ry  I rx 

gr ^r 

r r 

_ V 


(AU 


Given  V , the  value  of  E can  be  obtained  using  Hooke's  Law  as 
follows.  Along  the  x axis, 


i9 


E = - / (o  - VO  ) dr  (Ai: 

u I rx  Bx 

-r 

and  along  the  y axis, 

r 

E = — I (o  - VO  ) dr  (Ai^ 

V / ry  By 

-r 

A computer  program  was  used  for  performing  the  numerical  integration 
for  calculating  v and  E . 
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